We report the preliminary results of a triaxial and ring shear study on clay-rich, fine-grained Pleistocene sediments cored in Ursa Basin, Gulf of Mexico continental slope. Specimens from Integrated Ocean Drilling Program (IODP) Expedition 308 Sites U1322 and U1324 document friction coefficients in the range of 0.13-0.31, with internal angles of friction of ~7.4°-17.2° in ring shear experiments. At intermediate (7.624 MPa) to high (15.237 MPa) overburden pressure, the majority of the samples tested show velocity weakening, whereas lower overburden pressures do not give a clear trend regarding velocity weakening or strengthening of the samples. In consolidated-undrained triaxial tests, peak shear stresses observed are between 27 and 140 kPa, with the strongest sample by far coming from a core catcher section. We suspect that this is an effect of fabric changes induced during hydraulic piston coring. One sample coming from the base of a mass transport deposit at Site U1322 is the weakest one tested. Young's moduli calculated range from 2 to 17.4 kPa. Stress paths indicate slight overconsolidation of the samples, which is in line with the information gained from preconsolidation stresses in other studies. Permeability determined from consolidation data is in the range of 10
Introduction
Integrated Ocean Drilling Program (IODP) Expedition 308 (see Behrmann et al., 2006) was dedicated to the study of overpressure generation and fluid flow focusing at the Gulf of Mexico continental margin. Of the two areas investigated by drilling, Ursa Basin (see, e.g., Winker and Booth, 2000; Winker and Shipp, 2002;  or the "Expedition 308 summary" chapter for a detailed description of the geological setting) is the location where severe overpressure was identified (see the "Expedition 308 summary" chapter; Flemings et al., 2008) as a consequence of fine-grained muds being sedimented at very high rates, especially in the uppermost Pleistocene. In this setting, repeated slope failure occurred, with manifestations of mass transport deposits (MTDs) being most frequent where the measured overpressures are highest (see the "Expedition 308 summary" chapter; Sawyer et al., 2007; Flemings et al., 2008) . This is clearly seen in Figure  F1 , which shows the combined lithologic, porosity, shear strength, and pore pressure logs for IODP Sites U1322 and U1324. The upslope site (U1324) shows lower overpressure and a smaller proportion of MTD in the section, which is in line with the predictions of the fluid focusing model for sedimentary prisms (e.g., Dugan and Flemings, 2000; Flemings et al., 2008) .
When unconsolidated or poorly consolidated sedimentary rock masses are moved in the form of slumps, debris flows, or mud flows (e.g., Hein, 1985) , there are variable degrees of clay realignment by remolding and shearing (e.g., Bohlke and Bennett, 1980) . The clay fabric in particular seems to influence the geotechnical properties of the deposits (e.g., Bennett et al., 1981) . It is thought that during mobilization the sediments become fluidized through temporary fabric collapse (in the case of sensitive clays) or by grains becoming buoyant during the ingress of externally derived fluids (e.g., Maltman and Bolton, 2003) . Especially in the petrophysical core and log data from Site U1322 it is evident (Fig. F1 ) that porosity decrease and shear strength increase is not a simple function of depth but discontinuities are visible coincident with the boundaries separating units characterized by different modes of sediment transport (suspension and fallout versus MTD). Exceptionally low porosity observed near the bases of some of the MTDs speaks in favor of clay fabric collapse and concurrent fluidization as a consequence of the slumping process.
In order to learn more about the relationship of strength, fabric, and mineralogy of normally sedimented deposits and MTDs in the Ursa Basin, we have started to carry out a comprehensive investigation into the mechanical behavior, microfabrics, and textures of both types of sediment sampled at Sites U1322 and U1324. The results of the study will be published in full elsewhere after termination of the analytical work. To date, we have carried out a series of undrained triaxial shear tests on five whole-round core samples and ring shear tests on four samples. Here, we present these first results with some preliminary discussion. Ring shear testing (e.g., on remolded specimens) has the principal merit of being able to quantify the effect of mineral composition on the strength and frictional behavior of the material over a large range of confining pressures (e.g., Lupini et al., 1981) . Also, velocity-dependence of shear strength can be investigated, giving answers to the question of whether the tested sediment reacts to accelerated shearing by weakening or strengthening. If velocity weakening is documented, then the material is thought to be especially prone to develop slumps and slides as result of a mechanical runaway situation. On the other hand, the principal reason to include triaxial testing in the program of strength investigation is that, in contrast to ring shear testing, triaxial testing is performed on undisturbed sediment material under undrained conditions. These conditions provide crucial information on the dependence of strength on fabrics and permit monitoring of excess pore water pressure changes during consolidation and shearing.
Methods
Triaxial tests were performed at University of Freiburg (Germany), using an ELE Digital Tritest 50 apparatus. The tests performed were consolidated and undrained (CU-test). In addition to sediment strength properties derived from the compression phase, permeability and hydraulic conductivity were determined on the basis of consolidation data. Setup and use of the apparatus are extensively documented in Roller et al. (2003) and Röser (2007) . To date, a total of 13 tests (12 successful, 1 failed) were performed to approximately simulate in situ conditions in the overpressured Ursa Basin sediments, and results are shown below. Tests were carried out in constant strain rate mode to large (~20%) axial shortening in order to elucidate the postyield behavior. Material properties, like cohesion, coefficient of friction, and internal angles of friction, can be estimated from these tests. Consolidation of the samples after saturation was used to determine hydraulic conductivity and permeability in a routine akin to oedometer testing. A single triaxial test required ~2 weeks, including supplementary measurements, saturation, consolidation compression, and posttest data analysis. Two, or preferably three, tests were performed at confining pressures ranging from 0.5 to 1.8 MPa on a whole-round sample at different confining pressures. This was achieved by dividing the whole round into two or three aliquots.
The maximum vertical load possible with the ELE Digital Tritest 50 apparatus is 7.5 kN (Roller et al., 2003) . The cylindrical specimens were cut from undisturbed whole-round core. Constrained by the size of the cell base, specimen diameter is 35 mm and specimen height chosen was ~70-75 mm (DIN, 1990) . Before installation on the cell base, the specimens were wrapped in filter paper, and porous disks were fitted to both ends of the specimen before being inserted into an impermeable rubber hose to avoid contact with the pressure cell fluid. The hose ensures that the specimen has no contact with the water filling the pressure cell. The cell base contains the influx to and drainage off of the cell and the specimen. Outlets and inlets are each equipped with sensors and connected through tubing with hydraulic pumps and/or with the volume change unit and pressure gauges.
Water content and grain density were measured prior to testing to correctly assess saturation pressures. Water content was measured following German Industry Standard DIN 18121 (DIN, 1998) by oven-drying 30-50 g of the sample material at 105°C for 12 h. Oven temperature must not be higher in order to avoid the release of interlayer water in the clay minerals. Grain density was measured following German Industry Standard DIN 18124 (DIN, 1997) .
A complete triaxial test comprises three phases: saturation, consolidation, and compression. Saturation of the sample with salt water is achieved by a stepwise increase of cell and pore pressure and is necessary to remove remaining air in the pore water and space (see Roller et al., 2003) . Air in the pores corrupts the results of the compression test. To achieve saturation, the cell pressure and the pore pressure are increased simultaneously. We found that saturation of clayey to silty sediments required ~3 days. During the following 16-24 h of consolidation, isotopic equilibrium stress is achieved. During the compression stage, all valves from or to the triaxial cell base are closed to ensure an undrained test. Cell pressure is maintained by the water pumps while the specimen is brought to failure by a piston advancing at constant speed. Axial shortening rate was chosen to be 0.03 mm/min, which is sufficiently low to equilibrate to the confining pressure. Empirical tests (e.g., Röser, 2007) with similar materials have shown this to be the optimum shortening rate for undrained triaxial tests. Tests were terminated after 20%-28% of axial strain. During the test, the following parameters were measured in logarithmic time steps: axial displacement, cell pressure, pore pressure, backpressure (i.e., pore pressure in the sample during the consolidation and shearing stages), and axial force. From the data we calculated Young's modulus, cohesion, and angle of friction, using the routines outlined by Roller et al. (2003) or Röser (2007) .
Permeability and hydraulic conductivity were determined by inserting consolidation data from triaxial testing into Darcy's law (see Röser, 2007 , for details of the calculation procedure). During consolidation, an external pressure is imposed on the specimen, resulting in a pressure difference outside and inside the specimen. The resulting pore water flux out of the specimen through the porous discs at the specimen base and top was monitored by the volume change transducer. The resulting flux data enable the calculation of the total discharge. To define the hydraulic gradient, the length of the pressure drop was chosen to be half the length of the specimen, as the specimen was double drained.
Ring shear tests were performed at the RCOM Institute, University of Bremen (Germany), using a Bromhead RS ring shear apparatus (see Röser, 2007 , for description of equipment and analytical procedures). For additional information on ring shear testing, the reader is referred to, for example, Bromhead (1979) , Lupini et al. (1981) , and Harris and Watson (1997) . To simulate high-strain deformation during large movements on slump surfaces, water-saturated remolded sediments were sheared to high strains. It is the principal objective of the ring shear experiments to study the high-strain behavior. The use of remolded samples precludes the study of the effects of initial clay fabrics on strength. This, however, is taken to be of minor importance, as initial fabrics (e.g., degree of shape preferred orientation) in the clays studied is low in marine clays sedimented by suspension fallout from an oxic bottom water column (e.g., Kopf and Behrmann, 1997) . Measurements were performed with axial loads ranging from 1 to ~16 MPa at four different rates of shear. A computer program stored all necessary data and directly computed the main shear parameters, such as shear stress, coefficient of friction, and internal angle of friction. Because of the very high clay content, the samples required very long consolidation periods, resulting in ~10 days duration for a single test. Four samples were measured until now, and the results are given below.
The experimental procedure is as follows. Annular remolded soil samples of 5 mm thickness and with inner and outer diameters of 20 and 50 mm, respectively, are confined radially between concentric rings. The samples are compressed vertically between porous bronze loading plates by means of a lever loading system and kept under full seawater saturation during the whole test to ensure the appropriate hydration state for hydrous clay minerals in a marine environment (e.g., Kopf and Brown, 2003) . One full test consisted of up to five incremental loading steps (0.962, 1.914, 3.817, 7.624, and 15.237 MPa). Each step was preceded by at least 12 h of consolidation. This is necessary to eliminate effects on the shear strength of the tested material by incompressible pore water to be able to study the influence of mineralogy and granular structure on friction and strength. Following consolidation, shearing was performed at four different velocities: 0.005, 0.014, 0.18, and 1.8 mm/min. Shearing is induced by torsion of the basal plate and the lower platen by a motor and gearbox. The settling of the upper plate during consolidation and shear was recorded by a displacement transducer on the top of the load hanger. Torque transmitted through the sample was recorded by a pair of matched load-recording proving rings bearing on a cross arm. The principal advantage of ring shear testing in comparison to direct shear testing (e.g., Berg, 1971 ) is the possibility to carry out isochoric simple shear to quasi-infinite strain. In nature, this is the case along the failure plane of a landslide or in a fault zone. Shearing at different shear velocities was used to determine the velocity dependence of friction, giving information about the weakening or strengthening capabilities of the tested material (e.g., Scholz, 1998) .
Results

Triaxial tests
So far, four samples have been analyzed from Site U1324. Sedimentological description (see the "Site U1324" chapter) for the three samples of normally deposited material indicated slightly different settings: normally deposited hemipelagic sediments, levee turbidites, and distal turbidites. The samples were taken from depths between 154.4 and 406.7 meters below seafloor (mbsf). The results of the triaxial testing are given in Figures F2, F3, F4 , and F5 and are tabulated in Table T1 . Occasional initial offsets in the stress-strain diagrams (Figs. F3, F5 ) are attributed to sitting effects during the initial phase of compression. The offset of one of the stress paths from zero deviatoric stress in Figure F2 (experiment B at 1200 kPa cell pressure) is due to a minor axial load applied accidentally at the start of the experiment. Both types of deviations are minor, and we have chosen to display original experimental data and not to apply corrections here. Peak shear stress and Young's modulus were determined from the stress-strain data and changes in pore pressure during the course of the tests. Stress paths were recorded to build a base to derive friction coefficients, angles of friction, and cohesion. Supplementary measurements provided data on water content and grain density. All measured peak shear stresses are very small and lie between 45.3 and 140.7 kPa. The observed range of Young's modulus (from initial slope M 0 in the stress-strain curve) is between ~2 and 6 kPa in the samples, except for the sample from 153.4 mbsf, which has a distinctly higher Young's modulus (range: 13.6 to 17.4 kPa) and is by far the stiffest of all samples analyzed. As this is the only core catcher (CC denomination) sample that we have tested, we suspect that the high cohesion, peak shear strength, and derived Young's modulus have their origin in fabric changes that occurred at the bottom end of the core during the coring process when the hydraulic piston corer was advanced into the sediment. If this is so, then due care should be taken in the interpretation of geotechnical data from core catcher samples.
Permeability is in the range of 10 -16 to 10 -17 m 2 , and hydraulic conductivity determined during the consolidation stage is around 10 -9 to 10 -10 ms -1 . Both types of values correspond well with determinations made by N.T.T. Binh et al. (unpubl. data) and Long et al. Where the data could be determined reliably, grain density of the tested samples is ~2.7 g/cm 3 , and water content ranges from 18.3% to 30.7%. During testing, pore water pressure generally rose before reaching the yield point of the samples in all tests, within the first 5%-10% axial shortening. This probably relates to collapse of pore space when fractures or through-going shear zones are being formed in the samples. In the later part of the deformation history, pore pressure fell back to starting value or slightly below. When considering the stress-strain plots in detail, it is evident that all samples except for the hemipelagite from 153.4 mbsf at Site U1324 do not weaken or strengthen during progressive deformation. The mentioned sample, however, shows cyclic changes in strength on the order of ~5%-10%.
One sample from the base of a major MTD at Site U1322 has been analyzed so far. Here, tests showed that the material is weaker than the normally sedimented material: peak deviatoric stress ranges from 27 to 42 kPa, but Young's modulus is similar to the weak normally sedimented samples (5.7-7.6 kPa). Figure F6 shows essential test data from this sample graphically, and the data are given in Table T1 .
Stress paths from all five samples indicate that the material behaved in a somewhat overconsolidated fashion during the tests, but this effect is least notable in those samples that were consolidated and sheared at ~1.7 MPa confining pressure. This is an indication that the in situ effective stresses in the depth range investigated at Site U1324 may be close to this value. This interpretation is supported by the preconsolidation pressures of ~1.5 to ~3 MPa for the depth range between 300 and 500 mbsf, as determined for samples from Site U1324 by Long et al., and Dugan and Germaine. The almost exact similarity of the stress paths from two identical tests carried out on two aliquots of the whole-round sample from Core 308-U1324C-7H (Fig. F4) shows that tests are fully reproducible on similar materials.
Inferences that could be made about static coefficients of friction from stress path data in the consolidated-undrained tests are at a very preliminary stage, but inferences from Mohr envelopes would yield surprisingly high values (0.8 or more) for the normally sedimented samples at the range of mean effective stress considered (20-140 kPa). For the MTD sample, the friction coefficient estimate is definitely lower (~0.44 at a mean effective stress range of 20-40 kPa). Inferred cohesion would be estimated in the range of 10-20 kPa, underlining the possible very weak nature of Ursa Basin sediments located at the base of MTDs.
Ring shear tests
Four samples, two each from Sites U1322 and U1324 have been analyzed so far, and the results are shown graphically in Figures F7, F8, F9 , and F10 and are tabulated in Table T2 . As experiments were under drained conditions, comparison with the results to those from the undrained triaxial tests is not straightforward, but some similarities are evident.
Shear strength recorded at ~1 MPa normal stress (8 kg axial load) is very low at 100-300 kPa, rising more or less linearly to values between 3 and 4.5 MPa at 16 MPa normal stress (128 kg axial load).
Friction coefficients from all samples on the basis of these data are in the range of 0.13-0.31, with internal angles of friction of ~7.4°-17.2°. These are values not unusual for smectite-rich clays and muds, like those from the Ursa Basin. There is no obvious difference between the frictional behavior of the three samples from normally sedimented sections and the one from a MTD, except for the fact that the MTD material (sample from Core 308-U1322B-26H; see Fig. F9 ) is the weakest and shows the least sensitivity of frictional coefficients to changes in shearing rate and axial load. As samples subjected to ring shearing are remolded with no remaining primary microfabric, this is tentatively related to composition and/or the mode of clay flocculation and charging effects. Further investigations will show whether this is a phenomenon inherently related to mass transport deposits. More analyses of samples from both groups of sediments are needed, however, to further explore this question.
Regarding the sensitivity of strength with respect to changes in the velocity of shearing, some observations can be made in the uppermost diagrams of Figures F7, F8, F9 , and F10. At high overburden pressure (15.237 MPa), the reaction of the material to an increase in shearing velocity is generally strengthening in all samples, although in one case (Core 308-U1322D-3H; Fig. F6 ) there is some weakening immediately after changing to a higher shearing rate. At intermediate overburden pressure (7.624 MPa), the MTD sample (Core 308-U1322D-26H; Fig. F10 ) shows velocity softening when shearing is accelerated from 0.18 to 1.8 mm/min. Velocity softening is also observed in this sample at 3.817 MPa overburden pressure. At intermediate overburden pressure, samples from Cores 308-U1322D-3H (Fig. F6) and 308-U1322B-4H (Fig. F8) show velocity softening, whereas the levee turbidite sample (Core 308-U1324B-50H; Fig. F9) tends to harden over a wide range of overburden pressures when subjected to increases in shearing rate.
Overall, it can be shown (Fig. F1) that the peak shear strengths observed in the triaxial tests and cohesions computed from the ring shear test data (taking measured shear stress and friction coefficients at 0.962 and 1.914 MPa into account) are mostly within the range of shear strengths determined shipboard during Expedition 308. Exceptions are the two samples from shallow depths at Site U1324 that show higher values in the experiments than in the shipboard data.
At least for the sample tested triaxially, this is tentatively ascribed to the fact that a core catcher section was tested. We suspect that this could be an effect of fabric changes induced during the hydraulic piston coring. Figure F1 . Lithology, porosity, and peak shear strength measurements vs. depth for Sites U1322 and U1324 in the Ursa Basin (derived from shipboard data). Compaction-induced decrease of porosity and increase in shear strength with depth are clearly seen. Note high gradients near bases of some mass transport deposits. Blue bars = cohesion estimated from strength and frictional behavior of ring shear tested samples, red bars = ranges of peak shear strengths observed in triaxially tested material.
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